Abstract. The ROSAT Deep Surveys in the direction of the Lockman Hole are the most sensitive X-ray surveys performed with the ROSAT satellite. About 70-80% of the X-ray background has been resolved into discrete sources at a flux limit of ∼10 −15 erg cm −2 s −1 in the 0.5-2.0 keV energy band. A nearly complete optical identification of the ROSAT Deep Survey (RDS) has shown that the great majority of sources are AGNs. We describe in this paper the ROSAT Ultra Deep Survey (UDS), an extension of the RDS in the Lockman Hole. The Ultra Deep Survey reaches a flux level of 1.2 10 −15 erg cm −2 s −1 in 0.5-2.0 keV energy band, a level ∼4.6 times fainter than the RDS. We present nearly complete spectroscopic identifications (90%) of the sample of 94 X-ray sources based on low-resolution Keck spectra. The majority of the sources (57) are broad emission line AGNs (type I), whereas a further 13 AGNs show only narrow emission lines or broad Balmer emission lines with a large Balmer decrement (type II AGNs) indicating significant optical absorption. The second most abundant class of objects (10) are groups and clusters of galaxies (∼11%). Further we found five galactic stars and one "normal" emission line galaxy. Eight X-ray sources remain spectroscopically unidentified. We see no evidence for any change in population from the RDS survey to the UDS survey. The photometric redshift determination indicates in three out of the eight sources the presence of an obscured AGN. Their photometric redshifts, assuming that the spectral energy distribution (SED) in the optical/near-infrared is due to stellar processes, are in the range of 1.2 ≤ z ≤ 2.7. These objects could belong to the long-sought population of type 2 QSOs, which are predicted by the AGN synthesis models of the X-ray background. Finally, we discuss the optical and soft X-ray properties of the type I AGN, type II AGN, and groups and clusters of galaxies, and the implication to the X-ray background.
Introduction
The X-ray background has been a matter of intense study since its discovery about 40 years ago by Giacconi et al. (1962) . Several deep X-ray surveys using ROSAT, BeppoSAX, ASCA and recently Chandra and XMMNewton have resolved a large fraction (60-80%) of the soft and hard X-ray background into discrete sources Mushotzky et al. 2000; Giacconi et al. 2001; Hasinger et al. 2001 .)
The optical/infrared identification of faint X-ray sources from deep surveys is the key to understanding the nature of the X-ray background. A significant advance was the nearly complete optical identification of the ROSAT Deep Survey (RDS), which contains a sample of 50 PSPC X-ray sources with fluxes above 5.5 10 −15 erg cm −2 s −1 in the 0.5-2.0 keV energy band , hereafter Paper I). The spectroscopy has revealed that ∼80% of the optical counterparts are AGNs , hereafter Paper II).
The very red colour (R − K > 5.0) of the only two optically unidentified RDS sources indicates either high redshift clusters of galaxies (z > 1.0) or obscured AGNs (Lehmann et al. 2000a, hereafter Paper III) . This study found a much larger fraction of AGNs than did any previous X-ray survey (Boyle et al. 1995; Georgantopoulos et al. 1996; Bower et al. 1996; McHardy et al. 1998) .
Several deep hard X-ray surveys (>2 keV) have been started with Chandra and XMM-Newton to date (e.g., Brandt et al. 2000; Mushotzky et al. 2000; Hornschemeier et al. 2001; Giacconi et al. 2001; Hasinger et al. 2001) , but most of their optical identification is at an early stage or their total number of sources is still relatively small (Barger et al. 2001) .
In this paper we present the X-ray sources and their spectroscopic identification of the Ultra Deep Survey (UDS) in the region of the Lockman Hole. The UDS contains 94 X-ray sources with 0.5-2.0 keV fluxes larger than 1.2 10 −15 erg cm −2 s −1 , which is about 4.6 times fainter than our previously optically identified RDS survey.
The scope of the paper is as follows. In Sect. 2 we define the X-ray sample and present its X-ray properties. The optical imaging, photometry and spectroscopy of their optical counterparts are described in Sect. 3. The optical identification of the new X-ray sources and the catalogue of optical counterparts of the 94 X-ray sources are presented in Sect. 4. A K survey covering half of the X-ray survey area is presented in Sect. 5. The photometric redshift determination of three very red sources (R − K > 5.0) is shown in Sect. 6. The implications of our results with respect to the X-ray background are discussed in Sect. 7.
Throughout the paper, we use H 0 = 50 km s −1 Mpc −1 , q 0 = 0.5, and Λ = 0.
The X-ray observations
The ROSAT Deep Surveys consist of ROSAT PSPC and HRI observations in the direction of the Lockman Hole, a region of an extremely low galactic Hydrogen column density N H = 5.7 10 19 cm −2 (Lockman et al. 1986 ). About 207 ksec were accumulated with the PSPC detector (Pfeffermann & Briel 1992) centered at the direction α 2000 = 10 h 52 m 00 s , δ 2000 = 57 o 21 36 . The most sensitive area of the PSPC field of view is within a radius of ∼20 arcmin from its center.
The ROSAT PSPC image is the basis for the ROSAT Deep Survey (RDS), which includes a statistically complete sample of 50 X-ray sources with 0.5-2.0 keV fluxes larger than 1.1 10 −14 erg cm −2 s −1 at off-axis angles smaller than 18.5 arcmin and fluxes brighter than 5.5 10 −15 erg cm −2 s −1 at off-axis angles smaller than 12.5 arcmin (see Paper I). A pointing of 1112 ksec (net exposure time) with the ROSAT HRI (David et al. 1996) has been obtained centered at the direction α 2000 = 10 h 52 m 43 s , δ 2000 = 57 o 28 48 . The HRI pointing is shifted about 10 arcmin to the North-East of the PSPC center (see Fig. 1 in Paper I). This shift was chosen to allow a more accurate wobble correction to increase the sensitivity and spatial resolution using some bright optically identified X-ray sources.
The HRI field of view is about 36 × 36 arcmin. The main advantage of the HRI compared to the PSPC is the higher angular resolution of the HRI (∼5 arcsec) compared to that of the PSPC (∼25 arcsec), but the HRI has practically no energy resolution. Figure 1 presents the combined PSPC/HRI image of the overlap region covered by both pointings. a) The off-axis angle is given with respect to the center of the pointing of the instrument defining each sample. b) Limiting flux in the 0.5-2.0 keV energy band. c) Excluding the area already included in the HRI sample.
In addition to the HRI and PSPC pointings we have obtained a raster scan with the HRI for a total 205 ksec exposure time, which covers nearly the entire field of the PSPC pointing.
The 1112 ksec HRI exposure is the main basis for the Ultra Deep ROSAT Survey (UDS) in the Lockman Hole region. The sample selection and the complete X-ray catalogue are presented in the following sections. For a detailed description of the X-ray observations, the detection algorithm, the astrometric correction and the verification of the analysis procedure by simulation, see Paper I.
Sample definition
The Ultra Deep Survey sample combines three statistically independent samples of HRI and of PSPC sources, whose defining characteristics, both in terms of area and flux limits, are given in Table 1 . The total number of sources is 94. Forty-seven of the 68 sources in the HRI sample are also detected with the PSPC, while seven of the 26 sources in the PSPC samples are also detected with the HRI (but outside of the central HRI survey region). For the 54 sources both detected with the HRI and the PSPC we adopt the flux (see Table 3 ) measured with the instrument which defines the sample to which each source belongs. This corresponds to assuming that each sample is defined at the epoch at which its observation has been obtained.
The HRI detector has practically no energy resolution in the 0.1-2.4 keV band, which leads to a significant model-dependence in the count rate to flux conversion. The conversion of the PSPC count rates in the PSPC hard band (PI channels 52-201) to fluxes in the 0.5-2.0 keV band is straightforward in comparison to the HRI because of the similar band passes (see Paper I).
The HRI fluxes in the 0.5-2.0 keV band were determined from the HRI count rates using the corresponding exposure time, a vignetting correction, an energy-to-flux conversion factor (ECF) and a point spread function-loss factor determined from simulations (see Table 2 ). To derive the ECF factor we have assumed a power law spectrum with photon index 2 and galactic absorption (us- ing N H = 5.7 10 19 cm −2 ), folded through the instrument response. Table 3 provides the complete catalogue of the 94 Xray sources from the Ultra Deep ROSAT Survey in the Lockman Hole region. The first two columns give the source name and an internal source number. The capital letters in parenthesis mark whether the source belongs to the HRI sample (H) or to the PSPC samples (P1 or P2). The weighted coordinates of the X-ray sources for an equinox of J2000.0 are shown in Cols. 3 and 4. The 1σ error of their position (in arcsec), including statistical and systematic errors, is given in Col. 5. The capital P indicates that the X-ray position is based on the 207 ksec PSPC exposure. The positions based on the 1112 ksec HRI pointing and the 205 ksec HRI raster scan are marked with capital letters H and R, respectively. Columns 6 and 7 show the distance of the sources from the center of the HRI and PSPC field (in arcmin). Columns 8 and 9 contain the 0.5-2.0 keV HRI and PSPC fluxes of the sources in units of 10 −14 erg cm −2 s −1 . The PSPC flux marked with parenthesis is lower than the flux limits of the PSPC samples (see Table 1 ). These sources would not belong to the PSPC samples without HRI detection. The hardness ratio HR1 = (H−S)/(H+S) derived from the PSPC hard and soft bands (see Table 2 ) is given in Col. 10.
The X-ray source catalogue

The differences between the UDS and the RDS samples
The UDS sample contains all X-ray sources from the RDS sample (see Papers I and II), except the sources 36 and 116, which are in the HRI area (HRI off-axis angle smaller than 12 arcmin) and have not been detected by the HRI. The re-analysis of the PSPC data has led to slightly different PSPC fluxes compared to Paper I. The new PSPC fluxes are statistically consistent with Paper I fluxes. The flux limit of the PSPC subsample P2 (see Table 1 ) is marginally lower than that limit for the same off-axis angles in the RDS sample (1.1 10 −14 erg cm −2 s −1 ). The PSPC fluxes differ from the HRI fluxes for several sources (see Table 3 ). Figure 2 shows the HRI to PSPC HRI to PSPC flux ratio in the 0.5-2.0 keV energy band versus the PSPC hardness ratio HR1 for those X-ray sources detected both in the HRI and in the PSPC pointings. The symbols mark different classes of counterparts; filled circlestype I AGNs, open circles -type II AGNs, and trianglesgroups/clusters of galaxies, galaxies, and stars (see Table 4 ). flux ratio plotted versus the PSPC hardness ratio HR1 for all sources detected both with the HRI and the PSPC. The flux ratio of the softer X-ray sources (HR1 ≤ −0.5) scatters around one, whereas the HRI flux of the hard sources (HR1 ≥ 0.5) is clearly lower than the PSPC flux, indicated by an average flux ratio of 0.6.
All spectroscopically identified type II AGNs including the very red sources (see Sects. 4 and 5) are relatively hard sources. Their lower HRI to PSPC flux ratio can be due to a harder spectrum than the assumed unabsorbed powerlaw spectrum with photon index 2, leading to lower HRI fluxes compared to PSPC fluxes for intrinsically absorbed sources. We have performed simulations with XSPEC to determine the influence of intrinsic absorption to the HRI to PSPC flux ratio using three different photon indices (Γ = 1, 2, 3). The models predict a decrease of the flux ratio (≤0.8) at apparent column densities (i.e., not corrected for redshift) larger than 1.2 10 21 cm −2 (see Fig. 2 ). The lower HRI to PSPC flux ratio of the harder UDS sources (HR1 ≥ 0.5) results probably from intrinsic absorption.
The ASCA Deep Survey in the Lockman Hole by Ishisaki et al. (2001) has confirmed that the X-ray luminous UDS type II AGN, detected with ASCA in the 1-7 keV energy band, show harder spectra than type I AGN, which can be explained by intrinsic absorption with N H ∼ 10 22−23 cm −2 .
Several groups and clusters of galaxies (e.g., 41C and 228Z) show significant lower HRI fluxes compared to their PSPC fluxes. This is probably due to the lower sensitivity of the HRI to detect extended X-ray emission. The 0.5-2.0 keV X-ray flux of the UDS groups and clusters of galaxies can be at least a factor of 2 larger than those values, which are based on the HRI, given in Table 3 .
However, the difference between the PSPC and HRI fluxes for several sources can be also due to X-ray variability, because the fluxes are defined by the epoch of the observation.
Optical spectroscopy
Optical images and optical spectra of 50 of the 94 UDS sources are published in Paper III and in Hasinger et al. (1999, hereafter Paper IV) . Finding charts and, when available, optical spectra are given in Fig. A .1 for the remaining 44 objects.
The optical identifications of most of the new X-ray sources is based on their highly accurate HRI positions and Keck R band images with a limiting magnitude ranging from 23.5 to 26.0. We have found for nearly all sources only one optical counterpart inside the HRI error circle (see Fig. A .1). In some cases the HRI detection of PSPC sources (e.g., 15 and 18) is essential to identify the correct optical counterpart. For the new sources, presented here for the first time, three (24, 70, and 151) are only covered by the PSPC exposure. For these sources, due to the lower positional accuracy of the PSPC detector (25 ), we considered all objects inside the PSPC error circle as possible optical counterparts. For sources 5, 24, 70, 131, 151, 477, 804, 827, 832 , and 840 we used Palomar 5-m V band images taken with the 4-Shooter (Gunn et al. 1987) to locate the optical counterparts, as for these cases Keck R images are not available.
The optical imaging and photometry of the X-ray sources has been previously described in Papers II and III. However, we have to complete the R-band coverage (not the entire UDS survey area is covered by Keck LRIS frames). The optical photometry should still be regarded as somewhat uncertain for those objects, not covered by the Keck R images. For instance, the R magnitudes of the objects 9A, 17A, 29A, and 54A are significant lower than those given in Paper II due to the more reliable Keck photometry compared to the R band photometry based on imaging with the University of Hawaii 2.2-m telescope (see Paper II). A more complete and reliable photometry will be published in a future paper.
Optical spectroscopy of nearly all new UDS sources was performed with the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) at the Keck I and II 10-m telescopes during observing runs in February and December 1995 , April 1996 , April 1997 , March 1998 and March 1999 . The spectra were taken either through multislit masks using 1.4 and 1.5 wide slits or through 0.7 and 1.0 wide long slits. The detector is a back-illuminated 2048 × 2048 Tektronics CCD. A 300 lines mm −1 grating produces a spectral resolution of ∼10Å for the long slit spectra and of ∼15Å for the mask spectra. The wavelength coverage of the spectra varies within 3800-8900Å. In addition, long slit spectra of some relatively bright counterparts (R < 21) were obtained with LRIS at the Keck II telescope during service observing in February, March and April 1998. The exposure times for long slit spectra range from 120 to 3600 sec, for mask spectra from 1800 to 3600 sec. The optical spectrum of the bright star 232A (R = 11.7) was taken in March 1998 at the Calar Alto 3.5-m telescope using the Boller & Chivens Cass Twin spectrograph. The detector is a 800 × 2000 SITe CCD. A 600 lines mm −1 transmission grating and a slit width of 1.5 produce spectra from 3500-5500Å at a spectral resolution of 4.4Å in the blue channel.
The spectra were processed with the MIDAS package involving standard procedures (e.g., bias-subtraction, flat-fielding, wavelength calibration using He-Ar or Hg-Kr lamp spectra, flux calibration and atmospherical correction for broad molecular bands). The optimal extraction algorithm of Horne (1986) was used to extract the onedimensional spectra. A relative flux calibration was performed using secondary standards for spectrophotometry from Oke & Gunn (1983) . Several spectra show residuals from night sky line subtraction (e.g., 15A and 33A). In some cases the atmospheric band correction was only partially successful (see 131Z).
The optical images (R or V ) of the new UDS objects and their optical spectra are presented in Fig. A.1.
The optical identification of UDS X-ray sources
To identify the new 46 X-ray sources from the UDS not contained in the previously optically identified RDS sample, we apply the identification scheme described in Paper II. The scheme involves identification (ID) classes that characterize the spectroscopic information as detailed below.
The existence of broad UV/optical emission lines with FWHM > 1500 km s −1 in the optical spectra of 27 X-ray sources of the 46 new UDS sources reveals broad emission line AGNs (type I), which are subclassified in the ID classes a−c. The 15 new objects of ID class a show at least two of the high-redshifted broad emission lines: Mg II λ2798, C III] λ1908, C IV λ1548, Si IV λ1397, Lyα λ1216. Object 817A, a quasar at z = 4.45 (Schneider et al. 1998) , is the most distant X-ray selected quasar found to date, and object 832A is a broad absorption line quasar (BALQSO) at z = 2.735.
Ten new objects belong to the ID class b. Their optical spectra show only a broad Mg II emission line and usually several narrow emission lines (e.g., [Ne V] λ3426 and [O II] λ3727). The broad Mg II lines of 513 (34O) and of 426A are marginally seen in the low S/N spectra (see Fig. A.1 Fig. 3 . X-ray flux in the 0.5-2.0 keV band versus optical R magnitudes for all objects of the UDS sample. The filled circles show the AGN type-I objects, open circles are AGN type-II objects. Open squares are groups and cluster of galaxies. The only galaxy in our sample is given by the hexagon. Asterisks are stars. The crosses mark the spectroscopically unidentified sources. The dotted lines give the typical fx/fopt ratios for stars (left) and for AGNs (right) defined by Stocke et al. (1991) been detected at 6 cm wavelength with the VLA (Ciliegi, private communication) confirming its AGN nature.
There is no ID class c object (showing only broad Balmer emission lines) among the 46 new sources.
Four X-ray sources are identified with narrow emission line AGNs (type II). One of these AGNs (901A) is identified with ID class d, where high ionization [Ne V] λ3426 emission lines indicate an AGN.
Three narrow line AGNs belong to the ID class e, which contains 13 new UDS sources. The optical spectra of these sources show neither broad emission lines nor high ionization [Ne V] emission lines.
The identification of the ID class e objects is based on the ratio of X-ray to optical flux f x /f v as defined by Stocke et al. (1991) , the angular extent of the X-ray source and its high 0.5-2.0 keV X-ray luminosity (L x ≥ 10 43 erg s −1 ) indicating an AGN or a group/cluster of galaxies.
Seven of the new class e objects are spectroscopically confirmed as groups or clusters of galaxies (see notes on individual sources below). In two cases we found stars as optical counterparts of the X-ray sources (see Table 4 ).
Six new UDS sources (434B, 486A, 607, 828A, 866A, and 905A), which belong to class e, still lack an optical identification. Figure 3 shows the 0.5-2.0 keV X-ray flux of all UDS sources as a function of the R magnitude of their optical Table 3 ).
counterparts. Nearly all AGNs are located around a well defined line with f x /f v = 1. Six of the eight unidentified UDS sources have R magnitudes lower than the spectroscopic limit of our survey, which is approximately R ∼ 23.5. The photometric redshift determination of these sources are presented in Sect. 6. The identification of several new UDS sources is discussed in more detail below.
Notes on individual objects
Source 24 is detected as a point source with the PSPC and is not covered by the HRI exposure. The Palomar V image shows one object (24Z) inside the PSPC error circle. The optical spectrum contains narrow emission lines of Oxygen and a Hβ emission line at z = 0.480. The Gaussian fit to the Hβ line reveals a significant broader line (F W HM = 1440 km s −1 ) compared to the width of the Oxygen emission lines (see Table B .2). The log f x /f v ratio and the X-ray luminosity of L x > 10 43 erg s −1 in the 0.5-2.0 keV band are rather high for a normal galaxy. We classify the object as an AGN.
Source 34 is extended in the HRI exposure. It was not possible to determine the morphology with the PSPC, because of the confusion with source 513 at a distance of about 35 . There is no optical or even K band counterpart inside the HRI error circle. Two galaxies 34L and 34M are located at distances of ∼5 and ∼18 from the HRI position. The object 34M is a narrow emission line galaxy at z = 0.263. A 1 hour long slit exposure of the object 34L has not yielded a definitive redshift. Another emission line galaxy (34F) at z = 0.262 is at a distance of ∼28 from the HRI position. The ratio log f x /f v = −0.87 for 34F is consistent with those of groups or clusters of galaxies. We tentatively classify source 34 as a group of galaxies.
Source 104 is consistent with a point source in the PSPC and the HRI exposures. The relatively bright galaxy 104A is located inside the HRI circle and shows several narrow emission lines at z = 0. Veilleux & Osterbrock (1987) . The ratio log f x /f v = −1.05 is at the lower limit of the EMSS AGN (Stocke et al. 1991) . This object has a 0.5-2.0 keV X-ray luminosity of log L x = 41.65 (erg s −1 ) and is one of the four low luminosity AGN found in the survey (see Fig. 6 ). A second galaxy (104C) at z = 0.134 is at a distance of 25 from the X-ray source. Although the AGN is probably the source of the X-ray radiation, object 104A could belong to a group of galaxies.
Source 128 appears significantly extended in the HRI image, but it is not detected in the PSPC exposure. However, we are not able to exclude that the extended emission results from source confusion. The galaxy 128E inside the HRI error circle shows a narrow [O II] λ3727 emission line at redshift z = 0.478. The ratio log f x /f v = −0.08 agrees with the range of galaxy groups and clusters of galaxies. The X-ray extent of the source cannot originate from the galaxy 128E at such a high redshift.
A second galaxy (128D) at a redshift z = 0.031 is located near the edge of the HRI error circle. The spectrum of the object shows several narrow emission lines of Oxygen and the Balmer series. The flux ratios log ([O III] λ5007/Hβ λ4861) = 0.46 and log ([S II] λ6716 + λ6731/Hα λ6563) = −1.13 allow a secure classification as a starburst galaxy using the Veilleux & Osterbrock diagnostic diagrams (1987) . The galaxy 128D is probably a field object.
There are three additional faint galaxies within a distance of 20 from the galaxy 128E, which seems to indicate the presence of a poor group of galaxies with an X-ray luminosity of 3.1 10 42 (see, e.g., Mulchaey et al. 1996) or a fossil galaxy group similar to that object found by Ponman et al. (1994) . We tentatively classify source 128 as a galaxy group.
Source 131 shows extended X-ray emission in the HRI exposure. The relatively bright elliptical galaxy 131Z (z = 0.205) is located at the edge of the HRI error circle and is surrounded by at least 10 fainter galaxies. A similar object is the elliptical cD galaxy in A2218 at z = 0.175 (Le Borgne et al. 1992) . We classify source 131 as a cluster of galaxies. However, the ratio log f x /f v = −1.95 is rather low for a galaxy cluster.
Sources 228/229, the most extended X-ray sources of our sample, are separated only by about 1 . The Keck Rimage shows a marginal excess of galaxies brighter than R = 24.5, which indicates a high-redshift cluster of galaxies. The optical spectrum of the brightest galaxy close to the center of source 229 (left peak in Fig. 1 of Paper IV) revealed a gravitationally lensed arc at z = 2.570 (Hasinger et al. 1999, Paper IV) . Near-infrared images have shown a number of relatively bright galaxies with R−K = 5.5−5.7 (Lehmann et al. 2000b) .
Recently, Thompson et al. (2001) have detected a broad Hα emission line at z = 1.263 in the near-infrared spectrum of one of the galaxies. The X-ray and optical morphologies suggest the presence of either a bimodal cluster or two clusters in interaction. This would be one of the two most distant X-ray selected cluster of galaxies found to date. Another cluster at z = 1.267 was discovered in the ROSAT Deep Cluster Survey (Rosati et al. 1999) .
Source 815 appears pointlike in the HRI exposure. The optically brightest galaxy 815C inside the HRI error circle is an elliptical galaxy at z = 0.700. Two further narrow emission line galaxies (815D and 815F) have been found at the same redshift. The ratio log f x /f v = −0.87 for 815C is consistent with a cluster of galaxies or an AGN. The galaxy 815C has been detected in the VLA 6 cm survey of the Lockman Hole (Ciliegi, private communication), which reveals a radio galaxy. At least 7 additional faint galaxies are within a distance of 20 from the center of X-ray position, which seems to indicate a rich galaxy cluster around the radio galaxy. We cannot conclude that the detected emission is due to a single AGN or due to a cluster of galaxies. Extended X-ray emission is probably not detected because of the faintness of this source. On the base of the existense of three galaxies at z = 0.700 we classify source 815 as a cluster of galaxies.
Source 827 is consistent with a point source in the HRI exposure. The HRI error circle contains a galaxy (827B) at z = 0.249. The optical spectrum of 827B shows only a very strong Hα emission line, but no further emission lines resulting in a large Balmer decrement. The Hα line width of 1200 km s −1 (FWHM) is significantly broader than typical narrow emission lines, which indicates an AGN. The source is detected in the VLA 20 cm survey of the Lockman Hole region (De Ruiter et al. 1997 ). The ratio log f x /f v = −0.35 of 827B agrees with the range of AGN. We classify source 827 as an AGN. It is one of the four low-luminosity AGN (log L x ≤ 42 erg s −1 ) of our sample (see Fig. 6 ).
Source 840 is extended in the HRI pointing and not covered by the inner PSPC field of view. The HRI error circle contains a bright star and a faint galaxy (840C) at z = 0.074. A brighter galaxy (840D) at the same redshift is located at a distance of 20 from the center of the HRI position. The ratio log f x /f v = −2.55 for 840D and the X-ray luminosity (log L x = 40.7) are very low for a group of galaxies. Due to the lower sensitivity of the HRI to detect extended X-ray emission the X-ray flux could be underestimated by a factor of 2-8 (see, e.g., sources 41 and 228 in Table 3 ). Source 840 is classified as a group of galaxies due to the extended X-ray emission. However, we cannot exclude that the X-ray emission is due to a single galaxy or a to the sum of the emission of a few galaxies in the group. Veilleux & Osterbrock 1987) . Its X-ray luminosity of 2.3 10 41 erg s −1 in the 0.5-2.0 keV energy band and its ratio log f x /f v = −3.09 are very low for an AGN, which could be due to intrinsic absorption. The object is one of the four low luminosity AGNs (log L x < 42) of the total sample of 69 UDS AGNs (see Fig. 6 ).
The following six new UDS X-ray sources are still spectroscopically unidentified:
Source 434 is a faint X-ray source detected in the HRI and the PSPC pointing. The HRI error circle contains two objects (434A and 434B). The optical spectrum of 434A reveals an elliptical galaxy at z = 0.762. The ratio log f x /f v = −0.15 is rather high for a galaxy, but consistent with an AGN or a group or cluster of galaxies. We have no optical spectrum of 434B (R = 22.4), which has R − K = 4.1. The galaxy 434A is not detected on the K image. We need to take an optical spectrum of 434B to identify the source 434.
Source 486 is detected as a point source in the HRI and the PSPC exposures. The R images (see Fig. A.1) show the faint object 486A (R = 23.8) inside the HRI error circle. This object has a K magnitude of 18.5; R − K = 5.3. Source 486 is one of the three unidentified sources with R − K indices larger than 4.5 (14Z and 84Z being the other two). We argue that 486A is probably an obscured AGN (see photometric redshift determination in Sect. 6). The ratio log f x /f v = 0.65 is too high for a galaxy.
Source 607 has been detected in the HRI and the PSPC pointing. The R images show a very faint counterpart (R = 24.1) inside the HRI error circle. Due to the high accuracy of the HRI position we argue that 36Z is the optical counterpart. We were unable to determine the spectroscopic redshift of 36Z with a one hour Keck exposure. The high ratio log f x /f v = 0.78 is consistent with an AGN. The photometric redshift estimation of the object 607 (36Z) is described in Sect. 6.
Source 825 is a point source in the HRI image. The HRI error circle contains a faint object 825A (R = 22.8). We were not able to determine the redshift of 825A with a one hour Keck exposure. The high ratio log f x /f v = 0.35 would be consistent with an AGN or with a group/cluster of galaxies.
Source 866 is a HRI point source. The faint object 866A (R = 24.2) is located inside the HRI error circle, but hard to see in Fig. A.1 . The high ratio log f x /f v = 0.95 is consistent with an AGN or a group/cluster of galaxies. However, due to its X-ray faintness source 866 could be a spurious detection. We expect about 1-2 spurious detections in our sample of 94 X-ray spources down to a limiting flux of 1.2 10 −15 erg cm −2 s −1 in the 0.5-2.0 keV band.
Source 905 is detected as a point source in the HRI exposure. The faint optical counterpart 905A (R = 25.0) shows a very red colour (R − K = 6.3), which could indicate an obscured AGN similar to 14Z or 84Z . The high ratio log f x /f v = 0.86 is consistent with an AGN or a group/cluster of galaxies. Table 4 contains the optical properties of the 94 X-ray sources in the UDS sample as defined in Sect. 2.1. The table is sorted by increasing internal X-ray source number (see Table 3 ), which is included in the name of the optical object identified with the X-ray source. The first four columns give the name of the object, the R magnitude of the object and its right ascension and declination at epoch 2000. We have marked the R magnitudes, which are determined from Keck LRIS images. The other values have to be regarded as somewhat uncertain.
The catalogue of optical counterparts
Column 5 gives the distance of the optical counterpart from the position of the X-ray source in arcsec. The capital letters (H, P and R) mark whether the source position is mainly derived from the 1112 ksec HRI exposures, the 207 ksec PSPC exposure or the 205 ksec HRI raster scan. (0.5-2.0 keV) depending if the source belongs to the HRI sample or to the PSPC samples is given in Col. 6. The next column shows the X-ray to optical flux ratio f x /f v as defined by Stocke et al. (1991) . Columns 8 and 9 give an optical morphological parameter of the object (s = star-like, g = extended, galaxy-like) and the redshift. The morphological parameter has changed for several objects (e.g., 9A and 60B) compared to that of Paper II due to availability of higher quality Keck images.
The absolute magnitude M v (using the assumption V − R = +0.22, corresponding to a power law spectral index of −0.5) and the logarithm of the X-ray luminosity in the 0.5-2.0 keV energy band in units of erg s −1 (assuming an energy spectral index of −1.0) are shown in Cols. 10 and 11. For the three very red sources with photometric redshifts we have determined the absolute magnitude M v using their K magnitudes. The R − K colour of the counterparts is given, when available, in Col. 12. Column 13 gives the optical classification (broad emission line AGNs -AGN I, narrow emission line AGNs -AGN II, GALgalaxy and GRP/CLUS -group/cluster of galaxies).
The large Balmer decrement, indicated by the large ratio of the Hα to the Hβ emisssion line equivalent widths (> 9), of some AGNs (e.g., 28B, 59A) reveals a large amount of optical absorption. We therefore classify these objects as AGN type II. The ID class of the optical counterparts is given in the last column.
AGN emission lines and galaxy absorption lines
The optical identification of the UDS X-ray sources depends on the accurate measurement of the optical emission line properties. Nearly all identified X-ray sources in the UDS have high S/N Keck spectra, which would allow detection of faint high ionized [Ne V] λλ3346/3426 emission lines, if they were present.
To help assign a reliable identification we have derived the emission line properties, the FWHM in km s −1 corrected for instrumental resolution and the rest frame EW inÅ. For the determination of the line parameters we fitted single or double Gaussian profiles using the LevenbergMarquardt algorithm (Press et al. 1992 ), see Paper III for details. The parameter set was accepted if the reduced χ 2 was less than 3.0.
We distinguish between narrow and broad emission lines at FWHM of 1500 km s −1 . In some cases we found very broad components with FWHM > 8000 km −1 . Tables B.1-B.3 (see appendix) contain the FWHM and the EW values of those emission lines, which were detected at the 3σ level.
The UDS AGNs cover a redshift range from 0.080 to 4.45 with a median redshift z = 1.2, which is only slightly larger than that of the RDS AGN sample (z = 1.1). In Paper III we compared the FWHM and the EW distributions of the RDS AGNs with those from several X-ray selected samples (e.g., the RIXOS sample of Puchnarewicz et al. 1997 , the CRSS sample of Boyle et al. 1997) and from optical/UV selected AGN/quasar samples (e.g., the AGN samples of Steidel & Sargent 1991; of Brotherton et al. 1994; and of Green 1996.) We have found a good agreement for the distributions of both broad and narrow emission lines. Slightly smaller mean EW values of the narrow emission lines are probably due to significant continuum emission from the host galaxies of several RDS AGNs.
To compare the results obtained from the RDS sample we have derived the mean FWHM and the mean EW for the UDS AGN sample, which contains in total 70 objects. 
Lines are not covered by the spectrum (see Fig. A.1 ). Table 5 shows the comparison of emission line properties of the UDS AGN sample and the RDS AGN sample, which is a subsample of the UDS at higher X-ray flux. The first column gives the name of the most prominent emission lines. Column 2 marks the line component. The Cols. 3 and 4 (5 and 6) give the mean FWHM (EW ), its 1σ error, and the number of lines found in the RDS AGNs. The same data are shown for the UDS AGNs in Cols. 7 to 10. The very broad line components (FWHM > 8000 km s −1 ) have not been considered here. The mean EW and FWHM of the two samples agree very well with each other, confirming the results from the comparison of the RDS AGN sample with other AGN/quasar samples from Paper III.
For completenes Table 6 shows the galaxy absorption lines of those UDS objects, that do not belong to the RDS sample (see Table 1 in Paper III for similar data for the objects in the RDS sample). Objects with z > 1.1 are not listed, because the mentioned galaxy absorption lines lie outside the covered wavelength range.
The Cols. 1 and 2 contain the name and the class of the objects (AGN I -type I AGN, AGN II -type II AGN, GRP/CLUS -galaxy group/cluster of galaxies). The redshift of the objects and the typical galaxy absorption lines found in the optical spectra are given in the Cols. 3 and 4. The entry "no" means that the absorption lines are not detected. Column 4 shows the 4000Å break index, as defined by Bruzual (1983) , and its 1σ error.
Seven out of the 11 new identified AGNs with z < 1.1 show typical galaxy absorption lines in their optical spectra. Four of those AGNs have D(4000) values clearly larger than 1.0, which is an indication for a large continuum emission from their host galaxies (see Paper III for a detailed discussion). This is consistent with the fact 10 of these 11 AGNs have an absolute magnitude fainter than −22.0, well in the range covered by normal galaxies.
Near-infrared photometry
A deep broad-band K (1.9244-2.292 µm) survey of the Lockman Hole region has been performed with the Omega-Prime camera (Bizenberger et al. 1998 ) on the Calar Alto 3.5-m telescope in 1997 and in 1998. Some of the data were kindly provided to us by M. McCaughrean. About half of the ultradeep HRI pointing area is already covered. We planned to observe the remaining area in spring 2000, but weather conditions did not allow us to finish the K survey. The camera uses a 1024×1024 pixel HgCdTe HAWAII array with an image scale of 0.396 arcsec pixel −1 , and covers a field-of-view of 6.7×6.7 arcmin. A large number of background limited images were taken at slightly dithered positions. The total accumulated integration time of the combined images ranges from 45 to 70 min. The image reduction involves the usual standard techniques. The SExtractor package (Bertin & Arnouts 1996) was used to detect the sources and to measure their fluxes. Point sources are well detected at the 5σ level at K = 19.7 mag in a 45 min (net) exposure.
Four of the spectroscopically unidentified sources in this paper, 14Z, 84Z, 486A, and 607-36Z, were observed on UT 1999 December 15 and 16 under good seeing and photometric conditions using the facility Near-Infrared Imaging Camera (NIRC, Matthews & Soifer 1994) on the Keck I telescope. NIRC has an image scale of 0. 15 per pixel, imaging onto a 256
2 InSb detector for a 38. 4 square field of view. Objects 14Z, 84Z, and 486A were observed for 10 min in each of the zJHK bands; 607-36Z was observed for 5 min in the JHK filters (the z band data were saturated because the data were obtained near dawn). The telescope was dithered in a random pattern every one minute of integration. The images were sky-subtracted and flatfielded, then stacked using integer pixel offsets. Calibration onto the Vega flux scale was done using the Persson et al. (1998) infrared standard stars. Fig. 3 . Plus signs mark the remaining optically unidentified sources, where we show the brightest optical counterparts in the 80% confidence level circle. All X-ray sources not covered by the K survey so far are plotted at R − K = 0 or 0.2. Small dots show field objects not detected in X-rays Figure 4 presents the R − K colour versus the R magnitude for almost half of the objects of the UDS field. We have detected all X-ray sources at the K images, which are covered by the deep K band survey in the Lockman Hole to date. There is a trend for the R − K colour of the X-ray counterparts to increase to fainter R magnitudes. Four of the optically unidentified X-ray sources have only very faint optical counterparts (R > 24). The K images of these sources (see Fig. 3 in Paper III) show relatively bright counterparts resulting in very red colours (R − K > 5.0).
We have already argued in Paper III that such red counterparts of X-ray sources suggest either obscured AGNs or a high-z cluster of galaxies. The spectroscopic identification of five counterparts with R − K > 4.5 confirms this so far (see Table 4 ). However, we cannot exclude that the very red objects are high-z quasars at z > 4.0. The most distant X-ray selected quasar (817A) found to date (Schneider et al. 1998) shows also a relatively red colour (R − K ∼ 4).
Photometric redshift determination
We have estimated photometric redshifts for the four unidentified sources 14Z, 84Z, 486A, 607 with broad-band photometry in several filters, described in Sect. 4. Due to the hardness of 14Z, 84Z and 486A (see Table 3 ) and their large R − K colours we argue that they are probably obscured AGNs. The photometric redshift of these objects is based on the assumption that their spectral energy distribution (SED) in the optical/near-infrared is due to stellar processes. If emission from an obscured AGN is contributing significantly at some wavelength, the following results should be taken with caution.
We used a standard photometric redshift technique (see e.g., Cimatti et al. 1999 and Bolzonella et al. 2000) . In our version of the software the templates consist of a set of synthetic spectra (Bruzual & Charlot 1993) , with different star formation histories and spanning a wide range of ages (from 10 5 to 2 10 10 yrs); the basic set of templates includes only solar metallicity and Salpeter's IMF. The effect of IGM attenuation (Madau 1995) , extremely important at high redshift, is included, along with the effect of internal dust attenuation, using a dust-screen model and the SMC extinction law with E(B−V ) ranging from 0 to 0.5. In total 768 synthetic spectra have been used.
The "best" photometric redshift (z phot. ) for each galaxy is computed by applying a standard, errorweighted χ 2 minimization procedure. Moreover we have computed error bars to z phot. corresponding to 90% confidence levels, computed by means of the ∆χ 2 increment for a single parameter (Avni 1976) . The observed spectral energy distribution (SED) of each objects, obtained from broad-band photometry in several filters (V, I from 8K UH, R from Keck+LRIS and z, J, H, K from Keck+NIRC), is compared to our set of template spectra. The V, I 8K UH observations are described by Wilson et al. (1996) .
In agreement with their very red colours (4.6 < R − K < 5.7) we obtained relatively high z phot. , ranging from 1.21 < z phot. < 2.71, for all sources (Fig. 5 ). For objects 14Z and 486A we estimate z phot. = 1.94
+0.18
−0.10 and z phot. = 1.21
+0.10
−0.14 , respectively. Both observed SEDs are consistent with an old stellar population (age = 2.5 ÷ 5 Gyrs), while the content of dust is badly constrained because of the absence of U and B band photometry.
The formal best estimate for redshift of object 607 (36Z) is z phot. = 1.36 +0.07 −0.12 , but the resulting fit is very poor; the upturn in the V photometry at λ < 6000 indicates the presence of a young stellar population (0.3 Gyrs) and the absence or a low dust extinction or the presence of an underlying AGN component. The photometric redshift of 607 (36Z) is therefore very uncertain. Data in bluer bands (U and B) and combined AGN and galaxy templates would probably be needed for a more reliable redshift estimate for this object. We therefore have not included the value of 607 in Table 4 .
Object 84Z shows a quite clear break between J and H photometry, consistent with a best fit model at z phot. = 2.71
+0.29
−0.41 , while the decreasing flux towards shorter wavelength indicates the presence of a moderate dust content (E(B − V ) = 0.3) in a young stellar population (age = 0.1 Gyrs). As seen in Fig. 5 , the resulting fit is very good, with a χ 2 value of the order of unity. However, due to the relatively large magnitude errors, especially in the I and z bands, also lower redshifts (down to z ∼ 1.5) would be statistically acceptable.
Discussion and conclusion
We have presented the nearly complete optical identification of 94 X-ray sources with 0.5-2.0 keV X-ray fluxes larger than 1.2 10 −15 erg s −2 from the Ultra Deep ROSAT Survey in the Lockman region. Highly accurate HRI positions, deep Keck R and Palomar V images, and high signal-to-noise ratio Keck spectra allow a reliable identification of 85 (90%) X-ray sources. Table 8 shows the spectroscopical identification summary of the UDS, compared with that of the RDS. As seen in the table, the population of optical counterparts in the UDS has not changed from that of the RDS, with the large majority of the identifications (75% of the X-ray sources) being identified with AGN. The ratio between AGN I (57 objects) and AGN II (13 objects) is greater than 4, although it could decrease to about 3 if some, or most, of the 8 remaining spectroscopically unidentified Xray sources are type II AGN (see Sect. 6). The second most abundant class of objects is constituted by groups and/or clusters of galaxies (10), followed by galactic stars (5).
We have spectroscopically identified only one source in the entire sample with a "normal" emission line galaxy (53A). The ASCA Deep Survey of the Lockman Hole by Ishisaky et al. (2001) suggests an obscured AGN also in this case.
These results clearly show that the fraction of AGN as optical/infrared counterparts of faint X-ray sources in the 0.5-2.0 keV energy band remains high down to a limiting flux of 1.2 10 −15 erg cm −2 s −1 , a factor ∼4.6 times fainter than the RDS survey, and confirm that the soft X-ray background is dominated by the emission of type I AGN, and that the increased sensitivity of the UDS has not revealed an increase in the fraction of type II AGN.
In the following we briefly summarize, in turn, some of the properties of the objects in the three main classes of optical counterparts.
a) Type I AGN
• The emission line properties of the 57 type I AGN in the UDS survey are consistent with those of other brighter X-ray selected samples and optical/UV selected samples.
• The X-ray luminosity of these objects covers the range 43 < log L x < 45, confirming that most of the contribution to the X-ray background from AGN I is due to moderately powerful objects.
• The X-ray and optical luminosity of the type I AGN are reasonably well correlated, with an average value corresponding to f x /f v ∼ 1 (see Fig. 6 ).
• The UDS contains the most distant X-ray selected quasar (z = 4.45) found to date (Schneider et al. 1998) .
• The surface density of type I AGN in the HRI defined sample, which is the deepest part of the UDS survey (40 objects in 0.126 sq deg, corresponding to 317± 50 objects per sq deg) is higher than any reported surface density based on spectroscopic samples for this class of objects. This confirms the very high efficiency of X-ray selection in detecting this kind of objects (see discussion in Zamorani et al. 1999 for a comparison of the relative efficiencies of X-ray and optical selections of type I AGN). forbidden lines in the spectrum, large X-ray luminosity) to classify an object as AGN II. In addition, we have put in this class also two "intermediate" objects (28B and 59A), which, although having broad Balmer lines, show a clear indication of significant absorption as suggested by their large Balmer decrement.
• While the colours of type I AGN are relatively blue, type II AGN and groups/clusters of galaxies show on average much redder colours. The location of type II AGN in the redshift -(R − K ) diagram (see Fig. 7 ) occupies the same region as expected for elliptical and spiral galaxies. The colours of type II AGN appear to be dominated by the light from their host galaxies. The optical spectra of type II AGN confirm that a substantial fraction of their emission originates in their host galaxies (see Sect. 4.3) . Two type II AGN (12A and 117Q), with spectroscopic redshifts 0.990 and 0.780, have very red colours (R − K ∼ 5.0). Both sources are detected with the PSPC and show hard spectra. It is therefore likely that these objects are significantly absorbed in X-ray.
• Most of the type II AGN (9 out of 13) have X-ray luminosities in the relatively narrow range 43 < log L x < 43.7 and are approximately consistent, although toward low luminosities, with the L x − M v relation defined by the type I AGN (see Fig. 6 ). The X-ray luminosity distributions of the two classes of AGN are significantly different: we have 37 type I and no type II AGN with log L x > 43.7, but 19 type I and 13 type II AGN with log L x < 43.7.
• Four objects (59A, 104A, 827B, 901A) have X-ray luminosities significantly smaller than all the other AGN (log L x ∼ 41.5), with correspondingly low f x /f v ratio. All of them are at low redshift (z < 0.25).
• The different distributions in X-ray luminosity of type II and type I AGN translates into significantly different distributions in redshift. For example, up to z = 0.25 we have 5 type II and no type I AGN. The ratio between the type I and type II AGN, which is ∼4.3 for the entire sample, is ∼0.3 up to z = 0.5, ∼0.4 up to z = 0.75 and ∼1 up to z = 1. Fig. 6 . For the objects 14Z, 84Z, and 486A we have used photometric redshifts (see Sect. 6). The dotted lines are from Steidel & Dickinson (1994) corresponding to unevolved spectral models for E (upper) and S b (lower) galaxies from Bruzual & Charlot (1993) • These trends of the ratio between the type I and type II AGN (increasing with redshift and/or luminosity) would remain qualitatively similar even if most of the 8 spectroscopically unidentified sources will turn out to be, as we have argued in Sect. 6, high redshift type II AGN. For three of these sources, assuming that their optical/near-infrared SED is mainly due to stellar processes, we have determined photometric redshifts ranging from 1.22 to 2.71. These redshifts lead to X-ray luminosities in the 0.5-2.0 keV band of up to 10 44 erg s −1 , which is in the regime of typical QSO X-ray luminosities.
Even in this case, however, the number of high luminosity type II AGN in our sample appears to be smaller than that expected in the simplest version of the unified models which has been used so far for the AGN synthesis models of the X-ray background (see e.g., Comastri et al. 1995 and Gilli et al. 1999) . This is consistent with the fact that until now only a few hard X-ray selected type II AGN at high luminosity are known Nakanishi et al. 2000) . In addition, the recent 1-7 keV ASCA Deep Survey in the Lockman Hole suggests a deficit of high luminous absorbed sources at z ∼ 1−2. Unfortunately, all these samples, including ours, are based on a very limited number of sources, so that a strong conclusion is not warranted yet. For example, Gilli et al. (2001) have recently shown that the redshift distribution of type I and type II AGN for a sub-sample of the UDS sources is statistically consistent with models in which the fraction of obscured AGN is constant with luminosity. Only significantly larger spectroscopic samples of hard X-ray selected AGN from Chandra and XMM-Newton observations can fully clarify this issue. For example, the PV-observation of the Lockman Hole with XMM-Newton has recently revealed a large fraction of very red sources in the 2-10 keV energy band, which are probably heavily obscured AGNs ; see also Barger et al. 2001 for similar finding in the Chandra observation of the Hawaii Deep Survey Field SSA13), but no spectroscopic identifications for these objects currently exist.
c) Groups and clusters of galaxies
• Nine out of the ten X-ray sources identified with groups and/or clusters of galaxies are extended either in the HRI or in the PSPC images or both. The point-like source 815 is classified as a cluster on the basis of the optical data: three galaxies within a few arcseconds of the X-ray position have the same redshift (z = 0.700).
• Nine out of ten objects have X-ray luminosities in the range 41.5 < log L x < 43.5 and cover the redshift range 0.20-1.26. The median redshift of this sample of groups is ∼0.5.
• The faintest X-ray group in our sample (identified with the X-ray source 840) has a very low X-ray luminosity (log L x = 40.7). In this case, given the small redshift (z = 0.074) we cannot exclude the possibility that the X-ray emission is due to a single galaxy or to the sum of the emission of a few galaxies in the group.
• We have detected one of the most distant X-ray selected cluster of galaxies at z = 1.263 known to date ; Paper IV, Thompson et al. 2001) . (1) (2) (3) (4) (5) (6) (7) (8) 
